H-NS (histone-like nucleoid structuring protein), in the F conjugation system (29). 56
Without TraJ, P Y is repressed by H-NS which preferentially binds to the P Y region. There 57 is also a putative Per-ARNT-Sim (PAS) domain in the N-terminal region of TraJ (a.a 29-58 120) (3, 27) . PAS domains commonly function as signal sensors in many prokaryotic and 59 eukaryotic proteins involved in various signaling processes (27) . Mutating multiple 60 cysteine residues (C30, C41 and C67) with the TraJ PAS domain significantly decreased 61 F conjugation, leading to hypothesis that the TraJ PAS domain is a redox centre for 62 sensing oxidative stress (3). 63
Since bacterial conjugation is a non-essential process consuming significant 64 cellular resources, repression of the conjugation system would enhance the survival of TraJ has been found to form dimers; however, the dimerization domain and its relevance 94 to function were not determined (23). With both in vivo and in vitro assays, we found that 95 the N-terminal functional cluster is responsible for TraJ dimer formation, and 96 dimerization appears to be required for TraJ to activate P Y . Through an analysis of 97 intracellular protein levels, we also found that HslVU is responsible for degrading many 98
TraJ mutants independent of extracytoplasmic stress-induced HslVU overexpression. 99
Based on these findings, we propose that dimerization and HslVU could play important 100 roles for TraJ in response to various physiological and environmental signals. 101
102

MATERIALS AND METHODS 103
Growth media and bacterial strains. Cells were grown in LB (Luria-Bertani) broth or 104 on LB solid media unless otherwise specified. Antibiotics were used at the following 105 final concentrations: ampicillin (Amp), 50 µg/mL; kanamycin (Km), 25 µg/mL; 106 streptomycin (Sm), 200µg/mL; spectinomycin (Spc), 100 µg/mL. The following 107
Escherichia coli strains were used: ED24 (
pT7-7 to the 0.4-kb EcoRI-BamHI fragment of DNA amplified from pJLJ001 using 126 JLU324 and JLU323 as primers. pJLJ2708 was constructed by ligating the 2.5-kb EcoRI-127
BamHI fragment of pK184 to the 0.7-kb EcoRI-BamHI fragment of DNA amplified from 128 pJLJ001 using JLU327 and JLU308 as primers. pET-sumoTraJ was constructed by 129 following instructions of the Champion pET SUMO protein expression system 130 (Invitrogen). Briefly, the PCR-amplified F plasmid traJ using primers TraJ-3 and TraJ at room temperature, 1 μL of 1M Tris-HCL (pH7.5) was added to each aliquot, followed 237 by another 5 minutes of incubation at room temperature. Proteins were separated by SDS-238 PAGE and visualized by Coomassie blue staining. 239
RESULTS
241
A two-plasmid screen for functional mutants of traJ generated by error-prone PCR. 242
We constructed a two-plasmid system for screening functionally defective traJ mutants 243 generated by error-prone PCR. pJLac101-P Y is a lacZ-based plasmid (RK2 replicon) 244 reporting the strength of the F plasmid P Y cloned upstream of lacZ. As the TraJ-binding 245 region is present upstream of P Y , the strength of P Y in this plasmid is subject to TraJ 246 regulation (Fig. 1A) . pJLJ001 is a TraJ-expressing plasmid with a replicon (p15A) 247 different from that of pJLac101-P Y such that both plasmids can co-exist in a same 248 bacterial cell. pJLJ001 can constitutively express TraJ from the leaky (without IPTG 249 induction) lac promoter (P lac ) to a level comparable to that expressed by a wild-type F 250 plasmid, JCFL0 (Fig. 1C) . When pJLJ001 was introduced in cells containing a traJ-251 defective F plasmid (JCFL90), the leaky expression of TraJ from pJLJ001 fully 252 complemented JCFL90 in donor ability to a level comparable to that of JCFL0 (Fig. 1D) . 253
When pJLJ001 or pK184 (the vector control of pJLJ001) was introduced into E. 254 coli DH5α cells containing pJLac101-P Y , the transformants formed dark-blue or light-255 blue colonies on LB plates containing X-gal, respectively. β-galactosidase assays 256 confirmed that DH5α cells containing pJLJ001 and pJLac101-P Y had a P Y activity at 257 ~3060 MU whereas cells containing pK184 and pJLac101-P Y had a P Y activity at ~98 258 MU. These tests suggested that it is possible to visually identify mutants that are 259 defective in activating P Y from the wild-type TraJ simply based on the color difference of 260 their colonies on LB plates containing X-gal. 261
Therefore, we cloned the error-prone PCR products of traJ to replace the wild-262 type traJ in pJLJ001 (Fig. 1B) , and transformed the DNA ligation products into DH5α 263 cells containing pJLac101-P Y . On LB plates containing X-gal, approximately 2% of the 264 transformants formed light-blue colonies whereas the majority were dark-blue colonies. 265
Out of approximately 10,000 transformants, we obtained nearly 200 light-blue colonies, 266 which potentially contain traJ mutants. After DNA extraction, agarose gel 267 electrophoresis, and DNA sequencing with both mutagenesis primers (Fig. 1B) , we 268 identified 91 traJ single mutants with missense or nonsense mutations, 31 of which were 269 redundant ( Table 2 and single deleterious mutation (Fig. 2 ). There were no mutations selected within the first 20 285 residues of TraJ. Truncating the N-terminal first 10 residues did not affect TraJ in protein 286 stability, P Y activation, or F conjugation (data not shown), indicating dispensability of 287 this region (Fig. 2) . 288
The N-terminal functional cluster (TraJ 21-117 ) largely overlaps the putative PAS 289 domain (a.a 29-120) (Fig. 2) . Although PAS folds lack significant primary sequence 290 homology, they do share a structurally conserved five-stranded anti-parallel β sheet with 291 a more variable helical region. The N-and C-terminal portions of the PAS domain are 292 generally more highly conserved and give rise to the β-strands, while the central region of 293 the domain is less well conserved and corresponds to the helical region (3, 22). 294
Coincidentally, most of the selected deleterious mutations in the putative PAS domain of 295
TraJ are roughly located in the first and the last thirds of the domain (Fig. 2 ), consistent 296 with the designation of this region as a PAS domain that is required for TraJ function. ) except for a small N-318 terminal region. Subcloned TraJ 38-140 did not overexpress well and could not be purified 319 due to extensive proteolytic degradation, whereas TraJ 1-140 was well overexpressed and 320 purified ( Fig. 3B; Fig. 5B ), suggesting that the N-terminal functional cluster is an 321 independently structured domain (Fig. 2) . The tryptic fragment TraJ 176-226 includes half of 322 the putative HTH DNA binding motif and the region C-terminal to the motif (Fig. 2) . 323
Four potential trypsin sites in the ~30-a.a. region C-terminal to the HTH motif were 324 protected from trypsin digestion, indicating that this region is structurally integrated with 325 the HTH motif to form the C-terminal functional cluster. This agrees with our finding that 326 several C-terminal truncated versions of TraJ (L202*, Y207*, and C221*) all exhibited 327 significantly lower intracellular protein levels than intact TraJ ( Table 2 ). The few exceptions are 333 located mostly in the C-terminal functional cluster. Extracytoplasmic stress induces 334 overexpression of the HslVU protease-chaperone pair, which degrades TraJ and leads to 335 subsequent inhibition of F conjugation (15). We tested if HslVU is also involved in 336 degradation of TraJ mutants, although HslVU does not appear to be overexpressed in this 337 case since the wild-type TraJ is stably expressed and fully functional for F conjugation 338 (Fig. 1C and D) . After introduction into an hslV-knockout E.coli C600 strain (SG12064), 339 all the tested traJ mutants with decreased intracellular protein levels in E. coli DH5α 340 cells exhibited protein levels comparable to that of the wild-type traJ (Fig. 4B, upper  341 panel). The same mutants exhibited reduced protein levels in a wild-type E. coli C600 342 strain, similar to the protein levels observed in E. coli DH5α cells (Fig. 4B, lower panel) . 343
These results indicate that the HslVU protease-chaperone pair can degrade TraJ missense 344 mutants without extracytoplasmic stress-induced overexpression. 345
346
The N-terminal domain is responsible for dimerization, a property that appears to 347 be required for in vivo activity of TraJ. To locate the dimerization domain of TraJ, we 348 used in vivo DSS cross-linking assays to test TraJ mutants that are highly defective in P Y 349 activation. To maintain comparable protein levels, both mutants and the wild type were 350 expressed and assayed in the C600 HslV -strain. DSS crosslinking of the wild type TraJ 351 results in the appearance of a likely dimeric TraJ species that migrates with the 47 kDa 352 molecular weight marker in SDS-PAGE (Fig. 5A) . In contrast, the majority of mutants 353 harbouring amino acid substitutions in the N-terminal region were defective for 354 dimerization in this assay, whereas mutants with substitutions in the C-terminal region 355 exhibited higher levels of dimerization (Fig. 5A) . Not all N-terminal mutants displayed 356 defects in dimerization, however. I31T, C30S, F49Y, A56T, I70T, and I100T displayed 357 higher levels of dimerization than the other N-terminal mutants. These mutants also show 358 much higher levels of P Y -activating ability (indicated by LacZ activity) while having 359 comparable intracellular protein levels ( In this work, we used a rapid genetic screen to isolate randomly-generated 373 functional mutants of TraJ, the major transcriptional activator of the tra operon in the F 374 plasmid, simply based on the color difference between mutant and wild type colonies. 375
Such a screen can be generally used to interrogate the detailed functional domains within 376 prokaryotic transcription factors or signaling proteins, although for transcriptional 377 repressors, the reporter gene needs to be down-regulated to allow visual identification of 378 the repression-defective mutants (17, 18, 20) . The selected missense mutations defined 379 two functionally important regions in TraJ: an N-terminal region responsible for TraJ 380 dimerization and a C-terminal region that harbors an HTH DNA binding motif (Fig. 2) , 381 each forming structurally distinct domains as indicated by limited proteolysis analysis of 382 the purified TraJ. 383
We selected a TraJ mutant C30S, which is defective in activating P Y as well as 384 protein stability as determined in this work (Table 2 ; Fig. 4) . The C30S mutant is also 385 defective for F conjugation as it complements JCFL90 (a TraJ -F'lac plasmid) in F 386 conjugation at a level approximately 500-fold lower than the wild type TraJ (data not 387 shown). However, a recent study showed that substitution of any of the three cysteines 388 (C30, C41 and C67) in the putative PAS domain with serine does not have any 389 observable effect on TraJ (3). This discrepancy is most likely due to different levels of 390 TraJ expression in the two studies. In this work, TraJ and its mutants were constitutively 391 expressed at levels comparable to the physiological level expressed by an F plasmid (Fig.  392   1C ) whereas in the previous study, TraJ and its mutants were overexpressed (3), which 393 could mask defects of TraJ mutants to a certain level. Another previous study generated 394 different missense mutations at three conserved residues (Y163, G166, and H169) within 395 the putative HTH motif, all of which affect TraJ in F conjugation when assayed with the 396 same TraJ-overexpression system as above-mentioned (23). Our screen selected a highly 397 defective mutation at Y163 (Y163C), as well as 16 other missense mutations that define 398 the whole range of the putative HTH DNA binding motif (Fig. 2) . However, our analysis 399 did not identify mutations at G166 and H169, indicating our mutagenesis has not 400 completely saturated the functionally conserved residues in TraJ. LacZ activity) ( Fig. 4A; Table 2 ). Similarly, mutants I31T, A56T, I70T, I100T, and 407 L202I were able to enhance P Y activity over 3-fold more than most of the other mutants 408 that exhibited a similarly low level of protein expression (<20% of that of wild-type TraJ) 409 (Table 2 ). In fact, our in vivo cross-linking analysis of TraJ and its mutants indicates that 410 difference in the dimerization ability of the N-terminal mutants is closely correlated with 411 difference in their biological functions (Fig. 5A) . 412
Overexpression of the HslVU protease-chaperone pair has been shown to degrade 413
TraJ whereas basal expression of HslVU is insufficient to impact the levels of TraJ (11, 414 15). In this work, intracellular levels of TraJ were not affected by knockout of hslV (Fig.  415 4A and B), indicating that HslVU was not overexpressed in the wild-type stain. 416
Interestingly, we observe that HslVU is sufficient to significantly reduce the levels of the 417 tested TraJ missense mutants in the wild-type strain, compared to the hslV control (Fig.  418   4B) . Destabilization of the protein fold caused by these mutations could offer one 419 possible reason for the enhanced susceptibility of these mutants to HslVU degradation. A 420 further implication of this finding is that HslVU might have a broader function in TraJ 421 regulation in addition to extracytoplasmic stress-regulated degradation of TraJ which 422 involves overexrpession of HslVU. Upon stresses such as oxidation and starvation, 423 potential posttranslational modifications could also destabilize the TraJ fold, leading to its 424 increased susceptibility to HslVU-catalyzed proteolysis. A similar mechanism involves 425 the protein chaperone GroEL, which can mediate proteolytic degradation of the F-like 426 plasmid R1 TraJ in response to high temperatures (34). However, it has yet to be 427 determined which protease (s) is involved in GroEL-mediated TraJ degradation. 428 We have determined that the N-terminal domain is responsible for TraJ 429 dimerization, a feature that appears to be required for TraJ activity (Fig. 5 A and B) . The 430 N-terminal functional cluster largely overlaps the putative PAS domain whereas the C-431 terminal functional cluster contains a putative HTH DNA binding motif (Fig. 2) . This is 432 reminiscent of many PAS domain-containing signaling proteins, in which the signal-433 sensing PAS domain is covalently linked to an effector domain such as an enzyme, an ion 434 channel, or a DNA binding domain (27) . In response to various signals, the PAS domain 435 can regulate the activity of the covalently linked effector domain. Although detailed 436 mechanistic information is lacking, it has been proposed that modulation of the effector 437 domain could involve alteration of the quaternary structure of the PAS domain (22 
